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PREFACE

Nickel-hydrogen batteries are finding more and more applications in the
spectrum of aerospace energy storage requirements. Starting with the INTELSAT V
Flight 6 spacecraft launched in 1983, nickel-hydrogen batteries have become the
primary energy storage system used for geosynchronous-orbit communication
satellites. The first NASA application for nickel-hydrogen batteries was the low-
earth-orbit Hubble Space Telescope satellite launched April 24, 1990.

The handbook was prepared as a reference book to aid in the application of
this technology. That is, to aid in the cell design, battery design, procurement,
testing, and handling of nickel-hydrogen batteries. This “Battery System Task” as
part of the Code Q battery program was created by the need to establish a program
that would deal not only with the cell and battery technology, but also take into
consideration the integration of the battery into the power system [Schulze and O. D.
Gonzalez-Sanabria, “NASA Aerospace Flight Battery System Program—Issues and
Actions,” 1988 IECEC, Vol. 2, p- 3]. Preparation of this handbook was initially carried
out under the direction of Thomas Yi and then finished under the direction of
Gopalakrishna M. Rao at NASA Goddard Space Flight Center.

The design of individual pressure vessel nickel-hydrogen cells is covered in
Chapter 1. Low-earth-orbit (LEO) and geosynchronous orbit (GEO) applications and
their requirements are discussed in Chapter 2. The design of nickel-hydrogen
batteries for both GEO and LEO applications is discussed in Chapter 3.” Advanced
design concepts such as the common pressure vessel and bipolar nickel-hydrogen
batteries are described in Chapter 4. Performance data are presented in Chapter 5.
Storage and handling of the nickel-hydrogen cells and batteries are discussed in
Chapter 6. Standard test procedures, both at the cell level and the battery level, are
presented in Chapter 7. Cell procurement and battery procurement are discussed in
Chapter 8, along with mandatory inspection points both at the cell level and the
battery level. The mandatory inspection points are designated for quality control of
the manufacturing processes. Finally, safety procedures are discussed in Chapter 9.

The author would like to specifically thank Michelle A. Manzo at NASA
Lewis Research Center and D. W. Maurer from AT&T Bell Laboratories for
reviewing the text and providing many beneficial technical inputs as well as
providing recommendations on the organization and structure of the contents.
They were both a great help to me in the preparation of this handbook. A special
debt of gratitude goes to Martin Earl and his staff at COMSAT Laboratories for
providing inputs on INTELSAT cell designs, battery designs, performance data on
cell characteristics, and SEM data. I would also like to thank Andrew Dunnet and
Dennis Cooper for their inputs on the INTELSAT cell and battery designs and for
the in-orbit performance data. In addition, the author would like to acknowledge
inputs and comments from the following: Fred Betz at the Naval Research
Laboratory; Lee Miller at Eagle-Picher, Inc.; H. Vaidyanathan and Todd Burke at
COMSAT Laboratories; David W. Wong, Howard H. Rogers, and H. S. Lim at
Hughes Aircraft Company; Arnold M. Hall at Yardney Technical Products, Inc.;
Robert Patterson at TRW; C. W. Koehler and A. Z. Applewhite at Space
Systems/Loral; David E. Nawrocki and John Armantrout at Lockheed Missiles and
Space Company, Inc.; Steve Schiffer at GE Astro Space Division; Joseph Stockel at
the Office of Research and Development; William Billerbeck at MRS; and Lawrence
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A. Tinker at Gates Energy Products. A special thank you also goes to David E.
Nawrocki, William Billerbeck, Michelle Manzo, and Steve Schiffer, who each
reviewed the final draft and provided many useful comments, which have been

incorporated into the final manuscript.
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CHAPTER 1
NICKEL-HYDROGEN CELL DESIGN

A sealed nickel-hydrogen (Ni-Hj) secondary cell is a hybrid, combining battery
and fuel-cell technologies [1-1). The nickel positive electrode comes from the nickel-
cadmium cell, and the negative platinum fuel-cell electrode from the hydrogen-
oxygen fuel cell. Salient features of this hybrid Ni-H battery are a long cycle lifetime
that exceeds any other maintenance-free secondary battery system; high specific
energy (gravimetric energy density); high power density (pulse or peak power
capability); and a tolerance to overcharge and reversal. It is these features that make
the Ni-Hj battery system the prime candidate for the energy storage subsystem in
many aerospace applications, such as geosynchronous-earth-orbit (GEO) commercial
communications satellites, and low-earth-orbit (LEO) satellites like the Hubble Space
Telescope.

Major advantages and disadvantages of the Ni-H> cell are the following:

Advantages Disadvantages
High Specific Energy (60 Wh/kg) High initial cost
Long cycle life (40,000 cycles at Self-discharge proportional
40% DOD for LEO applications) to H2 pressure
Long lifetime in orbit (over 15 years Low Volumetric Energy Density
for GEO applications0 50 to 95 Wh/L (IPV cell)

Cell can tolerate overcharge and reversal 20 to 40 Wh/L (battery)

H2 pressure gives an indication of state-
of-charge

This chapter describes the 8.89-cm (3.5-in.) diameter individual pressure
vessel (IPV) Ni-H> cell technology. Presented is a description of the electrode stack
components, electrode stack design, the electrochemical reactions of an Ni-H3 cell
on charge and discharge, the COMSAT and Air Force cell designs (cells used in the
1980s), advanced designs (cells for the 1990s), and a summary of the different Ni-H,
cell manufacturers’ design features. NASA R&D programs for IPV Ni-Hj cells are
presented at the end of this chapter.

1.1.0 BACKGROUND

In 1970, COMSAT Laboratories, together with Tyco Laboratories, first started
the development of the hermetically sealed individual pressure vessel (IPV) Ni-H,
cell [1-2]. This research and development effort was sponsored by the International
Telecommunications Satellite Organization (INTELSAT). The objective was to
develop a new technology (the Ni-H, battery technology) to replace the nickel-
cadmium (Ni-Cd) batteries that were then being used on the INTELSAT commercial
communication satellites in geosynchronous orbit (GEO). Back in the 1970s, these



Ni-Cd batteries were limiting the operational lifetime of the satellites to about seven
years in orbit.

In parallel with the COMSAT/INTELSAT development effort, Hughes
Aircraft Company (HAC) started the development of a Ni-H, cell for low-earth-orbit
(LEO) applications [1-3]. This work was sponsored by Wright Patterson Air Force
Base.

The first flight demonstrations of these new Ni-H, batteries were aboard the
Navy's Navigation Technology Satellite NTS-2 and the Air Force's Nickel-
Hydrogen Flight Experiment, both Jaunched in June 1977. These flight experiments
demonstrated that hermetically sealed IPV Ni-H;, cells could operate successfully in
a zero-gravity space environment for long periods of time (over four years).

In 1983, Ni-H, batteries replaced Ni-Cd batteries as the energy storage
subsystem aboard the INTELSAT V commercial communication satellites. Since
then, IPV Ni-H, batteries have become the baseline energy storage system for
commercial communication satellites (1-4].

NASA is interested in the use of Ni-H, batteries for LEO applications such as
the Hubble Space Telescope and the Space Station Freedom Program. These
applications require cyclic lifetimes of up to 50,000 cycles. For Space Station
Freedom, NASA would like to achieve 35 to 40 percent depths-of-discharge (DOD) to
save weight. NASA-Lewis has supported and continues to support a number of
both in-house and outside-contract R&D investigations to extend the cydic lifetime
of IPV Ni-H, cells. These investigations have focused on the design and fabrication
of the positive electrodes, the concentration of the electrolyte, and the development
of new and different types of separator materials. Results of the NASA-Lewis work
are discussed in this text.

Ni-H, battery technology is gaining acceptance throughout the world for use
in space applications because of its reliability and long cycle life expectancy at deep
DOD. At the same time, the technology is still relatively new and advancing. This
chapter concentrates on the IPV cell components and design features that have been
developed and used in flight programs. IPV Ni-H, cell technology has advanced to
the point where there are fairly well established design preferences from which to
choose, but one must still look for the design features that favor his specific
application. This chapter will help identify the advantages and disadvantages of
these different design features. Advanced technology developments for TPV cells
are discussed at the end of this chapter.

1.2.0 ELECTRODE STACK COMPONENTS

This section describes the electrode stack components currently being used for
the fabrication of aerospace individual pressure vessel (IPV) Ni-H; cells. Figure 1-1
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presents the truncated disk electrode stack components used in the COMSAT back-
to-back design, and Figure 1-2 presents the pineapple-slice components used in the
Air Force recirculating design.

1.2.1 Positive Electrode (Sintered)

The sintered positive electrode consists of a sintered porous-nickel plaque
that is impregnated with nickel-hydroxide active material. Two procedures are used
to make sintered plaque: one is the wet slurry process and the other is the dry
powder (loose powder) process.

Active material is impregnated into the sintered plaque by an electrochemical
impregnation process. There are two electrochemical impregnation processes used:
the aqueous electrochemical impregnation process and the alcoholic electrochemical
impregnation process.

Sintered Plaque

The porous sintered plaque serves to retain the active nickel hydroxide
material within its pores and to conduct the electric current to and from the active
material. Essential features of the sintered plaque are high porosity, large surface
area, and electrical conductivity in combination with good mechanical strength [1-5].

Two different methods are used to fabricate the sintered plaque:

1. Dry powder (loose powder process)
2. Wet slurry process.

Sintering is defined as a thermal process through which a loose mass of
nickel particles is transformed into a coherent body without reaching a melting
point [1-5].

Carbonyl-derived nickel powders obtained from International Nickel
Company Limited (INCO) are used to make the sintered plaque. Powder type 287,
with a high apparent density of 0.8 to 1.0 g/cm3, is used for the dry powder plaque,
and powder type 255, with a low apparent density of 0.45 to 0.6 g/cm3, is used to
make the wet slurry plaque.

Dry Powder Plaque. The dry powder (loose powder) plaque is made by passing the
INCO 287 loose powder through a screen into a mold. During the process of filling
the mold with loose powder, a pure nickel wire mesh screen is placed either in the
center of the loose powder or close to the bottom side of the mold. After the nickel
powder is added, a cover plate is normally put on top of the mold. There are many
variations to this process for adding the loose powder into the molds [1-5].



Figure 1-1. COMSAT electrode stack components (bus bar configuration).
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Figure 1-2. Air Force electrode stack components (pineapple-slice configuration).
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The molds are transferred to the sintering furnace. A continuous mesh-belt
type of furnace is used. The temperature in the sintering zone is 800 to 1,000°C. A
reducing atmosphere is used in the sintering furnace; the atmosphere is normally
either 100 percent hydrogen gas, forming gas (N + Hy), or cracked natural gas.

Wet Slurry Plaque. The continuous wet slurry plaque is made as follows: a nickel
slurry is prepared by mixing low-density INCO 255 carbonyl-derived nickel powder
with a viscous aqueous solution of a binder, typically carboxy methyl cellulose. A
nickel grid is continuously carried through a container filled with the slurry. The
grid takes up a certain amount of slurry on both sides, which is adjusted to the
desired thickness with doctor blades. The strip is passed through a vertical drying
zone to evaporate the water and then through a sintering furnace at 800 to 1000°C
with a reducing atmosphere. The binder is decomposed in the sintering furnace.

Wet Slurry vs Dry Powder Plaque. Both of these sintering processes have been
around for many years, and there have been many investigations of their sintered
properties. These investigations include studies of the bend strength, porosity, pore
size distribution, mean pore diameter, resistance to corrosion, etc. No clear
advantage exists for one type of plaque over the other based on these studies. Both
types of plaque are currently being used for aerospace nickel hydrogen electrodes and
the choice is dependent on the preference of the manufacturer or user.

One of the major differences in their physical properties is porosity.

Porosity of Sintered Nickel

Dry Powder (INCO 287) 83 t 2 percent
Wet Slurry (INCO 287) 83 + 2 percent
Wet Slurry (INCO 255) 81 t 2 percent

The above percentages are the porosity of the sintered nickel plaque without
the substrate. The porosity of the plaque including the sintered nickel and the
substrate, is 2 to 3 percent lower than the porosity of the sintered nickel alone.

The dry powder process involves more manual labor (is more labor
intensive). The wet slurry process, being a continuous process, is better suited to
large-scale production.

Porosity values and the porosity range specified of 2 percent are typical
values for sintered nickel plaque presently used for aerospace Ni-H cells. Plaques
with higher and lower porosities have been used in past programs and probably will
be used in the future.

Both wet slurry and dry powder plaques are used with the Bell Laboratories
aqueous impregnation process for the fabrication of positive nickel-hydroxide
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electrodes. The plaque must be wet oxidized to avoid corrosion in the aqueous
impregnation bath [1-6].

Dry powder plaque with INCO 287 is used with the Air Force/HAC alcoholic
impregnation process for the production of positive nickel electrodes. This plaque is
not wet oxidized. With the lower boiling point of the alcoholic impregnation bath,
there is less concern about corrosion during impregnation.

Both the wet slurry and dry powder plaque use pure nickel wire mesh screen
for the grid structure. A perforated foil substrate is more desirable from a strength
standpoint; however, it is less desirable in terms of voltage performance. During
high rates of discharge there is significantly higher polarization (voltage loss)
observed for positive electrodes made using plaque with the perforated foil,
compared to with the wire mesh screen [1-7].

The sintered plaque is coined at the periphery of the electrode (both on the
outside edge and inside edge) and in the tab region. After impregnation, a tab is spot
welded to the coined tab region. Coining is defined as the procedure for
compressing the nickel sinter around the edge of the periphery and the center hole
of the plaque and in the tab region. The coined region is compressed under high
pressure. Coining is used to prevent any flaking or loss of material around the edge
of the electrode. Coining in the tab region is done so that a tab can be spot welded in
the coined region, making a good electrical contact to the nickel sinter.

Chemical Impregnation

The process by which the porous sintered plaques are filled with active
material is called impregnation. The plaques are submerged into an aqueous or
alcoholic solution of nickel nitrate and then subjected to a chemical or
electrochemical process to precipitate nickel hydroxide into the pore structure.

Chemical impregnation is accomplished by means of four steps carried out in
sequence; namely, soaking or vacuum impregnating the plaques in a nickel nitrate
solution, drying, soaking in a sodium hydroxide solution to precipitate out the
Ni(OH)2, and then washing and drying. This four-step chemical impregnation
process is repeated until the desired weight gain is obtained. It usually requires six
or more impregnation cycles to obtain the desired weight gain [1-5].

Cobalt nitrate is added to the impregnation bath, with the cobalt content being
4 to 11 percent of the nickel content. The cobalt addition is used to maintain capacity
during cycling [1-5].

The sintered nickel plaque is attacked by the nitrate solution during chemical
impregnation. Twenty-five percent or more of the sintered material is typically
corroded away during impregnation, even though the sintered plaques were wet
oxidized prior to impregnation.
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Chemically impregnated aerospace nickel-oxide electrodes are loaded to
between 1.9 and 2.4 grams of active material /cm? of void volume and the loading
tends to be concentrated toward the surface of the electrode by the nature of the
process. With cycling, the active material within the positive electrode migrates
toward the surface of the electrode, increasing the micropore structure
(concentration of the active material) in the region near the surface of the electrode
facing the separator [1-8]. As this active material expands and contracts with cycling
within the pores of the sinter structure, it fractures the sintered structure, causing
the electrode to expand. As the positive electrode expands and changes its
composition, electrolyte is drawn by capillary attraction from the separator into the
micropore structure of the positive electrode drying out the region at the separator-
electrode interface. The internal impedance of the Ni-Cd cell increases, causing a
voltage loss and, eventually, cell failure.

Electrochemical Impregnation.

All of the aerospace Ni-Hp cells use electrochemically impregnated positive
electrodes. The sintered nickel plaques are placed in a polarization tank where they
are cathodically polarized in an alcoholic or aqueous based nickel nitrate solution.
During electrolysis, the pH value of the solution within the pores increases as a
result of the reduction of nitrate ions, which is related to the consumption of
hydrogen ions. Nickel hydroxide thus precipitates within the pores. The solution
outside the plates is maintained at a constant pH value, which does not permit
precipitation of the nickel hydroxide.

Aqueous Impregnation Process (Bell Laboratories Process). This impregnation
process uses an aqueous-based nickel nitrate solution for the impregnation bath.
During electrochemical impregnation, the bath is maintained at its boiling
temperature of approximately 100°C. The Bell Laboratories aqueous electrochemical
impregnation (EI) process is described in Reference 1-9. Cobalt nitrate is added to the
nickel nitrate bath to give approximately 5 percent by weight of cobalt hydroxide in
the active material of the finished electrode (approximately 7 percent cobalt in the
bath).

Alcoholic Impregnation Process (Air Force Process). This impregnation process uses
an alcohol-based nickel nitrate solution for the impregnation bath. During
electrochemical impregnation, the bath is maintained at its boiling point of
approximately 70°C. The major advantage of the lower temperature is to reduce
corrosion during the impregnation. Cobalt nitrate is added to the nickel nitrate bath
to give approximately 9 percent by weight of cobalt hydroxide in the active material
of the finished electrode (11.2 percent cobalt in the bath). Parameters for production
of positive electrodes by the alcoholic impregnation process [1-10] are the following;:

Nickel nitrate concentration 1.6-1.7 molar
Cobalt nitrate concentration 0.16-0.18 molar



Ethanol concentration 46% by volume

Impregnation time 90 minutes
pH 2.5-3.0
Solution temperature 61°C to 72°C

Advantages of Electrochemical Impregnation. Both the aqueous and the alcoholic
impregnation processes provide the following advantages over chemical
impregnation:

1. Loading of Active Material. Electrochemical impregnation gives very
uniform loading of the active material within the pores of the nickel sinter.

2. Loading Level. The loading level of active material can be accurately
controlled by the EI process. Typical loading values are the following:

1.67 £ 0.1 g/cm3 void volume geosynchronous applications
1.55 £ 0.1 g/cm3 void volume  low-earth-orbit applications®

Chemically impregnated electrodes are loaded to between 1.9 and 2.4 grams of
active material per cubic centimeter of void volume.

3. Corrosion. During electrochemical impregnation, the sintered plaques are
cathodically polarized, which reduces corrosion of the plaque during
impregnation. For the aqueous process, if the plaques are properly passivated
(wet oxidized), very little or no corrosion will occur during impregnation [1-
6]. Without proper wet oxidation, significant corrosion can occur during the
aqueous electrochemical impregnation at the 100°C boiling point of the
impregnation solution. For the alcoholic impregnation process, the plaques
are not passivated (wet oxidized). The plaques are partially oxidized in air
when they come out of the sintering furnace. Even without wet oxidation,
very little corrosion of the plaque occurs during impregnation with the
alcoholic process because of the lower boiling point. For both the alcoholic
and aqueous impregnation process, the corrosion of the plaque is normally
small, less than 2 percent, which is quite low compared to the 25 percent
corrosion of the sintered plaque observed during chemical impregnation [1-8].

4. Utilization. Higher utilization of the active material is achieved with the
electrochemically impregnated positive electrodes compared to chemically

" An exception is the Ni-H3 cells used for the Hubble Space Telescope (HST) satellite. The
HST is orbiting in a low-earth orbit, and the loading level of active material is 1.67 g/cm3. Ni-
Hj batteries/cells on board the HST are expected to last for 20,000 to 40,000 cycles because HST
batteries/cells are being operated at very low depths-of-discharge (between 6 to 8 percent
DOD). The HST is an exception in this regard; normally, Ni-H batteries used for LEO
applications are operated at 20 to 40 percent DOD. At these higher DODs, the loading should
be reduced to 1.55 g/cm3. For a more detailed discussion of LEO and GEO applications, refer to
Chapter 2.



impregnated positive electrodes. Typical utilization values are 120 percent for
electrochemically impregnated electrodes and 80 percent for chemically
impregnated electrodes. The higher utilization for electrochemically
impregnated electrodes results from the more uniform loading of the active
material within the pore structure and lower loading levels.

5. Expansion. The rate of expansion with cycling was four times greater for
chemically impregnated nickel hydroxide electrodes than for
electrochemically impregnated nickel-hydroxide electrodes (1-11]. The
reduction in the rate of expansion results from the reduction in loading and
less corrosion of plaque during impregnation.

Aerospace Ni-Hy cells with the electrochemically impregnated positive
electrodes are expected to have at least four times the cyclic life and/or lifetime in
orbit as compared to Ni-Cd cells with the standard aerospace chemically
impregnated positive electrodes. Since the nickel electrode is the lifetime-limiting
component for Ni-Hj cells, the use of electrochemically impregnated positive
electrodes was an obvious choice.

Cobalt Hydroxide Additive in Positive Nickel-Hydroxide Electrodes

Increasing the amount of cobalt hydroxide in the nickel hydroxide active
material of electrochemically impregnated positive electrodes results in an active
material deposit of decreased mechanical rigidity [1-56]. Decreasing rigidity results in
Jess mechanical strain of the nickel sinter and thus a reduced rate of nickel electrode
capacity loss due to mechanical fatigue. The reduced electrode strain results in
improved cycle life.

Experimental investigations were conducted with increasing levels of
Co(NO3), concentration from 0 to 12 percent, expressed as a percentage of total
solution molarity in the impregnation solution [1-56]. The electrochemically
coprecipitated cobalt hydroxide correspondingly increased from 0 to 10 percent of the
active material in the nickel hydroxide electrode. The reduction in mechanical
strain with increasing cobalt levels is striking from these experimental results. At
least a three order-of-magnitude difference (reduction) in strain exists between the 0
and 12 percent cobalt level data.

1.2.2 Negative Electrode

The negative electrode, typically referred to as the hydrogen electrode, consists
of a Teflon-bonded platinum black catalyst supported with a fine mesh nickel screen
with Teflon backing.

The sintered Teflon-bonded platinum electrodes were originally developed at

Tyco Laboratories [1-12] for the fuel cell industry. For Ni-Hj cells, a hydrophobic
Teflon backing was added to these platinum electrodes to stop water or electrolyte
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loss from the back side of the negative platinum electrode during charge and
overcharge while readily allowing diffusion of hydrogen and oxygen gas. The use of
Gortex as the microporous Teflon membrane came from EIC under a development
contract to HAC (1-7], [1-13].

The physical properties of this hydrogen electrode provide the right interface
for the electrochemical reactions to occur without flooding or drying out the
electrode at the separator interface.

Substrate

Originally, a fine-mesh nickel screen or an expanded nickel screen was used.
An improved photo-etched substrate was developed by HAC [1-14]. This photo-
etched substrate eliminates cut edges of the electrodes that caused shorts during cell
stack assembly and also provides a solid tab for lead attachment. These photo-etched
substrates are now being used by all U.S. manufacturers.

Teflon Membrane

The back of the photo-etched nickel substrate is sprayed with a Teflon 30
emulsion, and the “Gortex” Teflon membrane is pressed onto the back side of the
substrate. The Teflon 30 is sprayed on to improve final bonding of the membrane.

Platinum Mix

The platinum mix consists of a Methocel solution, fuel-cell-grade platinum
black powder, and a Teflon 30 solution. A fixed amount of this mixture is screened
onto the front face of the substrate with the Teflon backing. The entire assembly is
dried and then pressed. The platinum content is normally specified as 7.0 mg + 1.0
mg/cm?.

Sintering

The electrodes are sintered following a time-temperature sequence designed
to remove the binders and provide Teflon bonding of the platinum powder and
bonding of the Teflon membrane to the back of the substrate.

Cleaning

A special cleaning treatment is used in the manufacturing of negative
electrodes for Air Force Ni-Hj cells.

Analysis results by HAC showed the presence of wettable Triton X-100
residues, a material used as a wetting and suspension agent during negative
electrode manufacturing. A proprietary cleaning process [1-15], using a mixture of
trichloroethylene and ethanol, was developed. This process completely removes
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the wettable residues from the negative electrode and enhances its hydrophobic
characteristics.

1.2.3 Separator Materials

Two types of separator materials are presently being used for aerospace Ni-Hp
cells:

1. Asbestos, fuel-cell-grade asbestos paper
9. Zircar, untreated knit ZYK-15 Zircar cloth.

Asbestos

The fuel-cell-grade asbestos is a nonwoven fabric with a thickness of 10 to 15
mils. The asbestos fibers are made into a long roll of nonwoven cloth by a paper
making process. As an added precaution, the asbestos can be reconstituted in a
blender and then reformed into a cloth to avoid any nonuniformity in the original
structure that would allow oxygen to bubble through. The fuel-cell-grade asbestos
has a high bubble pressure for oxygen gas; a pressure difference of more than 25 psi
is required across the wet separator cloth (10 mils thick) to force oxygen bubbles
through the material.

The asbestos separator serves the following functions:
1. Acts as an electrical insulator between the positive and negative electrodes.

2. Serves as a reservoir of KOH electrolyte and remains stable in the electrolyte
to allow long-term storage and/or cycling.

3. Serves as a medium for charge and discharge current through the separator
via ionic conduction of (OH)~ ions in the KOH electrolyte.

4 Provides a barrier to the transfer of oxygen gas. Oxygen gas is forced off the
backside of the positive electrode during overcharge because of the high
bubble through pressure of the asbestos separator material. The oxygen
cannot channel or bubble through the separator to cause rapid recombination
at the negative electrode.

5. Asbestos has a dual distribution of pore diameters which tends to prevent
separator dryout due to capillary attraction of electrolyte to the micropore
structure in the positive electrodes [1-52].

Zircar arator

Zircar fibrous ceramic separators are available in textile product forms. These
textiles are composed of Zirconia fibers stabilized with Yttria. These materials offer
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the extreme temperature and chemical resistance of the ceramic Zirconia. The
materials are constructed of essentially continuous individual filaments fabricated
in flexible textile forms. The ZYK-15 knit cloth type is the material used for Ni-Hj
cells.

Product Forms. Zircar Zirconia textiles are currently available in three woven or
knitted cloth types. The series of products offers a variety of thicknesses, cloth
weaves, and bulk densities. All cloths are white in color.

General Properties of Zirconia Textiles*

Product Type ZYW-15 ZYK-15 ZYW-30A

Thickness (mils, nominal) 15 15 30
Fabrication Form Woven Knit Woven
Fabrication Type Square Tricot Satin
Bulk Density (Ib/ft3) 48 56 63

Weight (0z/yd?) 8 10 22
Breaking Strength (Ib/in width) 1.0 1.0 4.0
Porosity (%) 87 85 83

*Zircar Products, Inc. Technical Data
Bulletin No. ZPI-204
November 1, 1978

Properties of Zirconia Fibers in the Cloth Products*

Diameter microns 4-6
Density gm/cm3 5.6-5.9 (92-97% of
theoretical)
Surface Area (N2-BET Method) m2/gm 1.0 max.
Y203 Stabilizer Content wt. % 8
Crystal Phases cubic + tetragonal
Composition (ZrO, + HfO2 + Y703) % 99+
Melting Point °F 4700
Recommended maximum °F 33004000 (depending
temperature of application on application
conditions)
Volatile content (1000°C) % 0

*Zircar Products, Inc. Technical Data
Bulletin No. ZPI-204
November 1, 1978

The inherently brittle nature of a ceramic material such as Zirconia, while
partially offset by the fibrous structure, makes them fragile and susceptible to
breaking. They must be handled with care.

A 15-mil-thick separator of untreated knit ZYK-15 Zircar cloth is used for

Ni-Hj cells. Either one or two layers of this separator material can be used. The
second ZYK-15 layer is normally used as a backup to prevent oxygen channeling in
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the event of assembly damage to the first layer [1-16]. As mentioned above, the
Zircar cloth is fragile and must be handled with care.

The knit Zircar cloth has a very low oxygen bubble-through pressure and,
during charge and overcharge, oxygen gas readily permeates through the separator
to recombine at the hydrogen platinum electrode to form water.

The Zircar separator serves the following functions:
1. Acts as an electrical insulator between the positive and negative electrodes.

2 Serves as a reservoir of KOH electrolyte and remains stable in the electrolyte,
allowing long-term storage and/or cycling.

3. Serves as a medium for charge and discharge current through the separator
via ionic conduction of (OH)~ ions in the electrolyte.

4. Allows oxygen gas to permeate through the separator to recombine at the
platinum catalyst in the hydrogen electrode during overcharge.

Asbestos with Zircar

A dual separator combination uses one layer of asbestos and one layer of
Zircar. The asbestos is placed adjacent to the positive electrode to act as a barrier,
forcing the oxygen gas generated during overcharge off the back of the positive
electrode. The Zircar acts as a reservoir to store electrolyte.

Electrolyte Quantity Asbestos v§ Zircar

Cells with one layer of Zircar contain slightly more electrolyte than cells with
one layer of asbestos (see Table 1-5, Section 1.9.2, “EP1 MANTECH Cell Design”). The
ZYK Zircar separator has a nominal thickness of 15 mils. Asbestos separator
thickness (fuel-cell-grade asbestos) is 12 to 15 mils thick. During cell assembly, the
asbestos separator is compressed to approximately 10 mils. The Zircar tends to retain
its thickness under compression because of the Zirconia fibers.

Electrolyte retention of asbestos and Zircar are the following [1-57].

Asbestos Zircar
Density 11.69 g/in3 9.65g/in.3
Retention Electrolyte 135 % 150%
(g KOH/ g separator)
KOH/unit vol 15.78 g/in.3 14.47 g/in3
KOH/unit vol in cell 12.62 g/in3 14.47 g/in3
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The asbestos contains more electrolyte per unit volume of separator.
However, under compression in a cell the asbestos contains less electrolyte, at least
for the EPI MANTECH cell as shown in Table 5-1."

Zircar has a lower resistivity than asbestos because of the higher quantity of
electrolyte and teh less tortuous path for ionic conduction. Cells with Zircar
separators have lower impedance and better discharge voltage performance.

1.2.4 Gas Screen

A polypropylene gas diffusion screen is placed behind the hydrogen electrode
to allow hydrogen gas and oxygen gas to diffuse to the back side of the negative
electrode with the Teflon backing.

1.3.0 NICKEL-HYDROGEN CELL DESIGNS
1.3.1 Electrode Stack Designs

Two basic types of electrode stack designs are used for aerospace Ni-Hj cells.
These are the back-to-back design (COMSAT) and the recirculating design (Air
Force).

Back-to-Back Design (COMSAT Design)

Figure 1-3 shows the basic arrangement of the electrode stack components for
the COMSAT back-to-back design. Two positive nickel oxide electrodes are

Oxygen Management. For the back-to-back cell with asbestos separators, during
charge and overcharge oxygen gas that evolves at the nickel-oxide electrodes is
forced out between the back-to-back positive electrodes (see Figure 1-3). The oxygen
diffuses into the gas Space between the electrode stack and the pressure vessel wall,
into the region of the gas diffusion screens on the back of the negative electrode,

" The asbestos separator is compressed to approximately 80 percent of its original volume
(thickness) in a cell.
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through the porous backing of the negative electrode, where it combines with
hydrogen to form water [1-7). The partial pressure of oxygen within the cell is
dependent on this diffusion process. The limiting step is the oxygen diffusion in the
gas phase pores of the Teflon-bonded electrode, not in the Teflon backing [1-7). The
fraction of oxygen was less than 0.5 percent in the surrounding hydrogen gas when
the cell is continuously overcharged at the C/2 rate [1-17].

Ho
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Figure 1-3. COMSAT back-to-back Ni-H, cell design.

For the back-to back cell with Zircar separators, the oxygen gas evolved during
overcharge at the positive electrode permeates through the knit ZYK-15 Zircar cloth
and is recombined at the front surface of the platinum negative electrode. Very
little, if any, oxygen diffuses into the gas space surrounding the electrode stack. The
fraction of oxygen in the surrounding hydrogen gas is negligible.

Electrolyte Management. An investigation of electrolyte loss mechanisms was

performed for the back-to-back cell design [1-20]. This study showed no measurable
long-term electrolyte loss—even after 3,000 charge/discharge cycles at 80 percent
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depth of discharge (DOD). Based on these results, no wall wick was used for the
COMSAT cell design.

Water Loss. Water loss from the electrode stack can occur by evaporation from the
electrode stack and condensation at the pressure vessel wall [1-53]. The vapor phase
transfer of water is driven by the difference in temperature between the cell stack
and the vessel wall; actually, the driving mechanism is the difference in vapor
pressure that results from the difference in temperature. Water vapor pressure data
for KOH concentrations of interest and for pure water are presented in Figure 1-5.
Water condensation occurs when the pressure of the water vapor arriving at the
surface is higher than the saturated water vapor pressure that corresponds to the
surface temperature. For evaporation condensation to occur from the electrode
stack to the pressure vessel wall, the temperature difference must be equal to or
greater than the AT at the equivalent vapor pressure of water and of the KOH
concentration of electrolyte in the electrode stack. The temperature difference AT
between the stack and cell wall for water to condense on the wall at various KOH
concentrations of electrolyte in the stack is presented in Figure 1-6. The AT values
were calculated using the vapor pressure data at the various KOH concentrations
presented in Figure 1-5.

From Figure 1-6 one can observe that the AT increases slightly with
temperature, but more importantly, that the AT is strongly dependent on the KOH
concentration. For example, cells with low concentrations of 23 percent KOH
require a AT of only 4 to 5°C for water to condense, where cells with 36 percent KOH
require a AT of 10 to 12°C for water to condense. This is a significant consideration
for cell designs proposing to use low KOH concentrations [1-54].

In-orbit experience with the INTELSAT V batteries has shown water loss
occurring during trickle charge storage of the batteries/cells between eclipse seasons.
This water loss mechanism is discussed in more detail in Chapter 5, Section 5.2.2,
“Voltage Performance In Orbit” for INTELSAT V batteries.

Because of this potential for water loss, a wall wick is now recommended for
use with all cell designs.

Wall Wick. HAC developed a plasma-sprayed zirconium oxide wall wick as shown
in Figure 1-2; the yttrium-stabilized zirconium oxide is plasma sprayed onto the
inside walls of the INCONEL pressure vessel [1-21].

The separators (asbestos or ZrQO,) extend to the pressure vessel wall. Both the
separator and the wall wick combined serve as a reservoir for electrolyte with the
pore size structure being such that electrolyte or water will be wicked from the
plasma-sprayed wall wick into the separator. Any electrolyte loss or water loss from
the cell stack will be returned to the cell stack by way of this wall wick/separator
combination.
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Recirculating Design (HAC/Air Force Design)

The Air Force baseline cell uses the recirculating electrode stack design [1-22].
This design was originally referred to as the single positive electrode design;
however, it is better known as the Air Force cell design. A sketch of the recirculating
design is shown in Figure 1-7 and 1-8a. One module consists of a gas screen, H,
electrode, separator, and Ni electrode; the last stage consists of a H, electrode and
separator, as shown in the recirculating stacking sequence in Figure 1-8a. A wall
wick returns the electrolyte to the cell stack via separators that extend to the cell
wall. The wall wick and separator serve as the reservoir for the electrolyte. The
electrode stack components for the Air Force advanced cell design are shown in
Figure 1-2.

Gas Diffusion Mesh
PYH, Electrode

Separator
Ni(OH), Electode

SRR
¢ f'§§ 4

s
R

T
¥

Hy —% K, T
Wall
Wick
] H0
He P . T
Gas Diffusion Mesh
PtH, Electrode
Separator e

[T p—

Figure 1-7. Air Force recirculating Ni-H, cell design.

Oxygen Management. Either asbestos or Zircar, or a combination of the two, can be
used as the separator materials for the recirculating cells.

With the asbestos only or a combination of asbestos and Zircar, all oxygen gas
generated on overcharge emerges off the back of the nickel electrode. The diffusion
path is very short; the oxygen gas simply travels through the gas screen to
recombine at the next hydrogen electrode (Figure 1-7). Oxygen comes off the back
side of the positive electrode of one module and recombines to form water at the
next module down. During overcharge, this transfer of water to the next module
down occurs throughout the electrode stack. The last module in the stack is simply
a negative electrode and separator reservoir. The water formed at this electrode
separator combination goes to the wall wick and is recirculated back to the first
module in the stack (hence the name recirculating design). With this recirculating
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design, the oxygen concentration is kept very low (below 0.2 percent in the
surrounding hydrogen gas) during continuous overcharge at the C rate [1-13].

With the ZYK-15 Zircar only, the separators extend to the wall wick. The
Zircar contains large enough pores for oxygen gas generated on overcharge to
permeate through the pores of this separator to the platinum electrode, where it
recombines to form water. Oxygen can, of course, also emerge off the back side of
the nickel electrode and diffuse through the gas screens as before. However, most of
the oxygen permeates through the separator and there is little or no recirculation of
water in cells with the Zircar separators. For this design, the concentration of
oxygen in the surrounding hydrogen gas is negligible.

Electrolyte Management. There are three mechanisms for the loss of the electrolyte
from the electrode stack: (1) by entrainment in the hydrogen and oxygen gases
evolved during charge and overcharge (2) by weeping of the negative electrode and
(3) by electrolyte displacement, that is, the electrolyte being pressed out of the
positive electrodes in the cell stack by oxygen gas evolved during charge and
overcharge.

Electrolyte loss by both entrainment and weeping of the negative electrode
was determined to be negligible for negative electrodes with Gortex backing for both
back-to-back and recirculating electrode stack configurations. The major electrolyte
loss mechanism is by displacement. When electrolyte is added to the cell, the void
volume of the positive electrode is completely saturated with electrolyte. During
activation, approximately 25 percent of the electrolyte in the positive electrodes is
displaced by oxygen gas during charge and overcharge of the cell [1-7]. It was found
that electrolyte loss by displacement occurred during initial cycling (activation) but
eventually decreased to zero, leaving enough electrolyte to operate the cell
efficiently [1-22].

Once cells are activated, electrolyte loss has not been observed to be a problem
for Ni-Hj cells. No loss of electrolyte has been observed from the electrode stack of
the cell during cycling in life tests.

Water Loss/Wall Wick. As previously mentioned, water loss from the electrode
stack can result from evaporation and condensation of water vapor from the cell
stack to the pressure vessel wall, when a large enough temperature difference exists
between the stack and the wall. Cells operating in LEO applications must dissipate
more heat because of the high-rate duty cycle. Temperatures between the stack and
wall may well exceed the AT at the equivalent vapor pressure that would allow
water transfer to the wall. Especially since LEO applications use low KOH
concentration of electrolyte so that the AT needs only to exceed 5 to 7° C for water
transfer (see Figure 1-6). HAC developed the ZrO, wall wick and the ZrO, separators
for the Air Force recirculating design for these LEQ applications [1-22]. The plasma-
sprayed zirconium-oxide wall wick shown in Figure 1-2 provides a return path for
any water or electrolyte lost from the cell stack independent of the mechanism [1-21].
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Yttrium-stabilized zirconium oxide is plasma sprayed on the inside of the pressure
vessel wall throughout the cell except for the terminals and weld area. The weld
area is bridged with a metallic wick. The separators are made large enough to
contact the cell wall and provide a return path for the electrolyte.

1.3.2 Electrode Configurations

Two electrode configurations are used to fabricate Ni-H2 cells. One
configuration has the bus bars located on the outside of the electrode stack
(COMSAT design). The second configuration has the electrodes in the shape of a
pineapple slice (Air Force design) with the tabs going through the center slice of the
electrode stack.

Bus Bar Configuration

For the bus bar truncated disk configuration, the electrode stack components
are fabricated with two sections, located opposite each other, removed from the
circumference of the cylindrical electrodes. A tab is located in the center of one of
the cut-off sections (see Figure 1-1). When the electrode stack is assembled, the
positive electrode tabs come off one side and these tabs are welded to slots in the
positive bus bar; the negative electrode tabs come off the opposite side of the
electrode stack and these negative tabs are welded to the negative bus bar (see Figure
1-4). The electrode stack components are assembled onto the center rod for
alignment; note the hole in the center of the electrode stack components, as shown
in Figure 1-1.

Pineapple Slice Configuration

For the pineapple slice configuration, the electrode stack components are
shaped like a pineapple slice (see Figure 1-2) with a large center hole for the tabs.
These electrode stack components are assembled onto a polysulfone central core (see
Figure 1-8a and 1-8b). The electrode tabs are brought out through this center core,
the positive electrodes in one direction and the negative electrodes in the opposite
direction. This center core serves to align the electrode stack components, provide a
conduit for the positive and negative tabs, and insulate the positive and negative
tabs from each other and from the electrode stack components.

Heat transfer is better with the pineapple slice configuration than with the
bus bar truncated disk configuration. Heat is transferred uniformly from the entire
circumference of the pineapple slice electrodes, whereas sections are removed from
the circumference of the truncated disk electrodes.

Electrode stack components with the pineapple configuration are now being
used in both recirculating and back-to-back electrode stack designs for aerospace Ni-
Hj cells.
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1.3.3 Activation
Activation for both COMSAT and Air Force type cells includes the following;:
 Adding electrolyte and adjusting the electrolyte concentration.

e Initial cycling to create gas passages and force out excess electrolyte from the
electrode stack.

o Adjusting the precharge and sealing the pressure vessel.

Most of the different manufacturers classify their respective activation
procedures as proprietary. A general discussion of each task is presented without
disclosing proprietary procedures.

Electrolyte

The dry cells are initially flooded, back filled with KOH electrolyte under
vacuum, and allowed to stand for approximately 24 hours.

The electrolyte concentration can be set with the cell either in the charged or
discharged state. It is important to specify the state of charge of the cell when the
electrolyte concentration is set, because once the cell completes activation and the
excess electrolyte is removed from the cell, the electrolyte concentration will vary
from 5 to 7 percent between the charged and discharged states. For example:

Electrolyte Concentration in Cell

——

ﬁaged DischarEed Chanﬁe‘
31% 38% 7 %
26% 31% 5%
21% 26% 5%

*The change in concentration could vary for different cell designs depending on the quantity of
electrolyte per ampere hour of capacity in the cell.

Initial Cycling

The cells should initially be charged vented to create gas passages and force
excess electrolyte out of the cell stack. It is recommended that the cells be initially
drained and then put on a vented charge and discharge regime for a few cycles to
create gas passages. The excess electrolyte should be drained. The cells are normally
cycled for an additional 5 to 10 cycles with valves closed to check capacity, pressure
range, and to displace excess electrolyte from the positive electrode. As mentioned
above, approximately 25 percent of the electrolyte in the positive electrode is
displaced during initial cycling. Excess electrolyte should be drained from the cells.
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Final Adjustment and Sealing

The cells are discharged and the hydrogen pressure is adjusted to obtain the
desired precharge.

If hydrogen gas pressure remains when the cell is fully discharged and sealed,
i.e., the positive electrode is fully discharged, this is a negative precharge or
hydrogen-precharged cell. Typical values for hydrogen precharge range from 15 to
100 psia of hydrogen gas pressure, with the cell discharged to 0.0 volts.

If the hydrogen pressure drops to zero (a vacuum) before the positive
electrode is fully discharged, this is a positive precharged cell. The positive
precharge uses the positive electrode capacity below one volt. The amount of
positive precharge is approximately 15 percent of the usable capacity to 0.0 volts.
The precharge capacity would show up on discharge as capacity in the second
plateau below 1.0 volts for hydrogen precharge cells. With a positive precharge cell,
the objective is to obtain as much positive precharge as possible without affecting
the cell capacity to 1.0 volts on discharge, while at the same time allowing the cell to
be discharged to 0 psi absolute at 0.0 volts. But when a positive precharge cell is
discharged to 0.0 volts, there is a very steep voltage drop from 1.0 volts to 0.0 volts.

Positive precharge is used to allow for long-term storage of the cells in the
fully discharged condition with no hydrogen gas present in the cell. The objective is
to eliminate any capacity fading that could result from the presence of hydrogen gas
within the cell. This subject of precharge and capacity fading is discussed in Chapter
6, Section 6.8.0, “Effects of Cell Design Variables on Capacity Fading.”

1.34 Popping

Popping is a term used to define any damage to the electrode stack that results
from combustion of oxygen and hydrogen gas. Two different levels of damage have
been observed.

Asbestos Separators. Popping only rarely occurs in cells fabricated with asbestos
separators. Once the cell is activated, the oxygen gas is forced off the back side of the
positive electrode to the periphery of the electrode stack where it diffuses into the
hydrogen gas and then to the back surface of the negative electrodes via the gas
diffusion screens. The oxygen gas recombines to form water, and small explosions
(combustion) are not observed. The percentage of oxygen gas is less than 0.5 percent
oxygen (over 99.5 percent hydrogen gas), which is well below the combustion limit
(see Table 1-1).

When popping does occur for asbestos cells, the damage is usually extensive.
Massive damage was observed in Lot 6 of the INTELSAT V cell program when the
cells were not properly activated. It appears that a number of cells were charged
sealed without adequately removing excess electrolyte from the cell. Massive
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damage occurred within the center of the electrode stack (trapped oxygen bubbles
produce one or more large explosions). Plates were warped, the separators pushed
out of the electrode stack, and large areas of damage were seen on the negative
electrodes.

Asbestos cells with proper activation show no signs of popping damage, even
after long-term cycling, based on destructive physical analysis (DPA) analysis of
INTELSAT V Ni-H2 cells on life test for over 10 years.

Zirconium-Oxide Separators. Popping always occurs for cells with zirconium oxide
during activation. Small burnt holes are observed in the separator and at the
adjacent negative electrode. All of the popping damage seems to occur during the
initial activation cycling when the gas channels are being created, and excess
electrolyte and trapped oxygen bubbles are being forced out of the cell stack. Popping
damage shows up as small mini explosions (combustion) of oxygen and hydrogen at
the negative electrode. Once the cell is activated and excess electrolyte is removed
from the cell, the combustion damage seems to stop. Again, the popping damage for
cells with ZrO seems to be restricted to small localized combustion of pockets of
hydrogen and oxygen gas, causing a small amount of localized damage which does
not seem to affect the cell performance. It is common to see small burnt holes in the
zirconium-oxide separators and negative electrodes after activation.

Pressure Effects on Popping. Pressure range and the end-of-charge pressure (EOCP)
are design variables. Early Ni-H cell designs (cells designed in the 1970s) typically
had a pressure range of 500 to 600 psi. For these early designs, the emphasis focused
on achieving a high pressure vessel safety factor of 4 to 1. With the advanced
designs, the emphasis has turned to improving the energy density (Wh/cm3). For
the advanced designs, the pressure range has increased to between 800 and 1000 psi.
The size of the trapped oxygen bubbles probably does not change, but, at the higher
pressure, the amount of oxygen gas contained within the bubbles increases
proportionally to the pressure. The popping damage also increases proportionally
when these higher-pressure oxygen bubbles combine catalytically with the hydrogen
gas. Damage to the Zircar separators and negative electrodes is more serious for the
cells with the higher EOC pressure. The exact extent of the damage to the cycle life
of these cells has not been determined.

1.3.5 Electrolyte Concentration
Flooded Plate Capacity Measurements
Flooded plate measurements were carried out using HAC positive plates

from the INTELSAT VI program [1-32]. These electrodes were manufactured using

dry powder plaque, alcoholic electrochemical impregnation process (see Section
1.8.3).
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The positive plates were cut in half and each section was placed in a double-
walled beaker filled with electrolyte. One of the beakers always contained 30 weight
percent (W/%) KOH electrolyte, and the other beakers contained electrolyte at
different W/% concentrations of KOH. Plate capacity was measured at 15, 20, 25, 35,
40, and 45 W/% KOH electrolyte concentrations and compared to the plate capacity
measured at 30 W/% KOH concentration. Capacity measurements were taken at
10°C and 20°C. Plate sections were charged at a C/10 rate for 16 hours and discharged
at a C/2 rate to 1.0 volts with respect to a Cd reference electrode.

At least five data points were recorded for each concentration, and the
standard deviation and mean values were calculated [1-32]. At 20°C the plate
capacity reaches a maximum at around 40 W/% KOH concentration, while at 10°C
the plate capacity reaches a maximum at around 35 W/% KOH concentration. Plate
capacity rapidly decreases below 30 W/% KOH concentration at both 20°C and 10°C
(see Figure 1-16 in Section 1.8.3).

The effects of KOH concentration on nickel-hydrogen cell performance are
presented in Section 1.8.3, “Capacity as a Function of Electrolyte Concentration for
Air Force 50-Ah Cells.”

Properties of KOH Solutions

A detailed description of the properties of potassium hydroxide solutions is
presented in Falk and Salkind’s “Alkine Storage Batteries” [1-5]. Solution properties
discussed include: density of KOH solutions as a function of temperature, freezing
point diagram (phase diagram) of KOH solutions, effects of lithium hydroxide and
potassium carbonate additives to the freezing point of KOH solutions, and the
specific conductance of KOH solutions vs. temperature. It is generally accepted that
the freezing point decreases with increasing KOH concentration to a eutectic point at
-66°C at 31 W/% KOH. At 20 W/% KOH the freezing point increases to about -25°C.
Normally, it is not recommended to operate Ni-Hj batteries below -10°C to avoid
any possible chance of freezing the electrolyte.

1.3.6 LEO vs GEO Designs

Low-earth-orbit (LEO) applications require cyclic lifetimes of 40,000 to 50,000 cycles or
more at 40 percent depth-of-discharge. Geosynchronous-earth-orbit (GEO)
applications require extended lifetime in orbit, 15 to 25 years in orbit with 90 cycles
per year at 70 to 80 percent depth-of-discharge.

The requirements for GEO and LEO applications are described in more detail
in Chapter 2. The purpose here is to point out that the requirements are quite
different. Even so, the cell design features for aerospace Ni-H; cells for both
applications are becoming quite similar.
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Separator. The trend is to use two layers of knit ZYK-15 Zircar cloth separator
material to make Ni-H; cells for both LEO and GEO applications because of the better
voltage performance as compared to cells made with asbestos. In some designs, one
layer of ZYK-15 Zircar cloth is used to save weight.

Asbestos is still being used for both LEO and GEO applications, and cells made
using asbestos are performing well in space (see Chapter 5 for more information).
Concerns with asbestos are the environmental hazards and the long-term
availability of fuel-cell-grade asbestos material.

Stack Design. With the back-to-back design, the negative electrodes share one gas
diffusion screen, reducing the parts count for gas screens by half for the electrode
stack as compared to the recirculating design. The trend is to use the back-to-back
design with two layers of Zircar separator for GEO applications. Both back-to-back
and recirculating designs are being used for LEO applications. The HST cells have
the back-to-back design and the Space Station Freedom is proposing to use the
recirculating design with one layer of ZYK-15 Zircar cloth separator.

Electrode Configuration. The trend is to use the pineapple slice configuration for
both GEO and LEO applications. The pineapple slice configuration with tabs is easier
to assemble into an electrode stack than the bus bar configuration. In addition, the
heat transfer is better for the pineapple slice design.

Electrolyte Concentration. A major difference is electrolyte concentration:

31 to 38 percent KOH concentration fully discharged for GEO applications
26 to 31 percent KOH concentration fully discharged for LEO applications

The lower concentration extends the cyclic lifetime but decreases capacity. See
Section 1.11.2, “KOH Concentration Effects on the Cycle Life of Ni-Hj Cells.” The

higher concentration improves initial capacity and specific energy. See Section 1.8.3,
Table 1-3.

Loading of Active Material. The other major difference is the loading of active
material in the positive electrode.

1.67 £ 0.1 g/cm3 void volume for GEO applications
1.55 + 0.1 g/cm3 void volume for LEO applications

The lower loading of active material reduces the nickel-hydrogen expansion

with cycling (see Section 1.11.3, “Electrode Expansion”). Higher loading of active
material increases capacity and specific energy but reduces the cycle lifetime.
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1.4.0 ELECTROCHEMICAL REACTION S FOR Ni-H, CELLS

The electrochemical reactions of the Ni-H, cell are presented in Table 1-1 for
the normal charge and discharge, overcharge, and reversal modes of operation.

Table 1-1. Electrochemical Reactions

Normal operation

(1) Nickel electrode: NiOOH +H0 + e d'},':e Ni(OH);+ OH"

dish
(2) Hydrogen electrode: 1/2 Hy+ OH c;’::, HO+e-
-—

(3) Net reaction: 1/2 Hy + NiOOH" 5, Ni(OH),

‘
Overcharﬁe

(4) Nickel electrode: 2 CH "= 2e +1/2 O+ HO

(5) Hydrogen electrode: 1/2 O+ H:0 + 2 e - 20H

Net reaction of (4) and (5): No net change.
Or:

(6) Hydrogen electrode: HiO + e~ —» OH~ +1/2 H:;

(7) Chemical recombination of Oy 1/20x+ Hy; » HO

Net reaction of (4) + (6) + (7): No net change.

*Chemical recombination (7) can cause popping if the localized mixture of oxygen and hydrogen is in
the combustible range.

Reversal—szrogen Precharge

(8) Nickel electrode: HO+ e-— OH +1/2H;

(9) Hydrogen electrode: 1/2HxOH - — HO + &

Net reaction: No change
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Reversal—Positive Precharge

(10) Nickel electrode: 2 NiOOH + 2 HO+2e~ — 2Ni (OH) 2 + 2(OH)”

(11) Hydrogen electrode: 2(0H) - 2¢ + 1/202+ HO

Net reaction: 2NiOOH + HO— 2Ni(OH)2 + 112 O
Build up of oxygen pressure and discharge of the nickel oxide electrode

When all of the positive precharge is used (10), then H2 gas is formed at the positive electrode [same
as (8)) and consumed at the hydrogen electrode [same as (9)].

*The limits of inflammability (combustible limits) of hydrogen gas in oxygen are 4.65 for a lower limit
and 93.9 for an upper limit [1-55]. The limits of inflammability were determined at atmospheric
pressure and room temperature. Values areona percentage-by-volume basis.

1.4.1 Normal Operation

Electrochemically, the ideal half-cell reactions (1) at the positive nickel-oxide
electrode are similar to those occurring in the Ni-Cd system. At the negative
electrode, hydrogen gas is oxidized to water during discharge and reformed to gas
during charge (2). The net reaction (3) shows hydrogen reduction of nickel
oxyhydroxide (NiOOH) to nickel hydroxide (Ni(OH)2) on discharge with no net
change in KOH concentration or the amount of water within the cell. Actually, the
reactions are more complex than those shown above, with water in the lattice
structure of both the nickelic- and nickelous-hydroxide forms of the positive
electrode. In addition, the nickel oxide is oxidized to a valence greater than three,
with incorporation of potassium ions in the lattice structure of the higher oxide.
These more complex reactions result in a net increase in the KOH concentration
during discharge of the cell [1-24].

At the positive electrode, Ni(OH); is charged to NiOOH up to the onset of
oxygen gas evolution (equation 1 to equation 4). AS the positive electrode
approaches a fully charged state, the positive electrode potential approaches the
oxygen evolution potential. Part of the charging current goes into oxygen
evolution. The overall charge efficiency, ampere-hour efficiency, is reduced by the
percentage of current going into oxygen evolution. Oxygen evolution and overall
charge efficiency are discussed in more detail in Chapter 5, Section 5.1.0,
Performance Characteristics of Ni-H2 Cells.

1.4.2 Overcharge

During overcharge, oxygen is generated at the positive electrode (4). The most
probable method for oxygen recombination is electrochemical recombination at the
catalytic platinum negative electrode in accordance with reaction (5). For these
reactions, there is no net change in KOH concentration or the amount of water in
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the cell with continuous overcharge. The oxygen recombination rate at the negative
platinum electrode is very rapid; the cell is quite capable of sustaining very high
rates of continuous overcharge, provided that there is adequate heat transfer away
from the cell to avoid thermal runaway. This is one of the operational advantages of
the Ni-H, cell.

Oxygen gas is generated at the positive electrode on charge when the cell is
approaching the fully charged condition and the hydrogen gas pressure is high,
approaching the EOC pressure. For cells with asbestos separators, the oxygen
generated at the positive electrodes is forced off the back side of the electrode into
the surrounding hydrogen gas, where it diffuses to the back side of the catalytic
negative electrode and is recombined either chemically (7) or electrochemically (5).
The partial pressure of oxygen is a small fraction (less than 0.5 percent) of the
surrounding hydrogen pressure. This mixture by diffusion of oxygen gas with
hydrogen gas is homogeneous and well below the explosive mixture.

For cells with zirconium separators, excess electrolyte (about 25 percent of the
electrolyte) is forced out of the electrode stack during activation to create gas passages
for the oxygen gas. The oxygen gas bubbles trapped in the electrolyte can react
chemically (7) with hydrogen gas at the catalytic negative electrode to form mini
explosions, creating small burn holes. Once the cell is activated, gas passages have
been created, the damage to the separators and negative electrodes stops.

1.4.3 Reversal

Negative Precharge Cells

When a hydrogen precharge cell is fully discharged to 0 volts, the positive
electrode will be fully discharged. If the cell is forced into cell reversal, hydrogen is
generated at the positive electrode (8) and consumed at the negative electrode at the
same rate (9). The cell can be continuously operated in the cell reversal mode
without pressure buildup or a net change in the electrolyte concentration. This is
another of the operational advantages of Ni-H, cells with hydrogen precharge.

Positive Precharge Cells

When a positive precharge cell [1-25] is fully discharged to 0 volts, all of the
hydrogen gas will be consumed. If this cell is forced into reversal, oxygen gas will be
generated at the hydrogen electrode (11) until the positive nickel-oxide electrode is
fully discharged (10). This oxygen gas will be consumed when the cell is recharged.
It is possible that the hydrogen and oxygen gas mixture would be in the combustible
range for this mode of operation and that a rapid recombination could occur.

In addition, it is not recommended to drive a positive precharge cell into
reversal because the liberated oxygen can cause another problem. In the alkaline
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solution, oxygen can readily dissolve platinum metal from the negative electrode
(12).

(12) 2Pt° + Oz + 4(OH)™ + 2HO - 2PHOH);

The platinum becomes a soluble material which can diffuse throughout the
cell. See Appendix A for a more detailed discussion.

1.44 Depth-of-Discharge and Capacity

The terms depth of discharge (DOD), measured capacity, rated capacity, specific
energy, and energy density are used throughout this text to describe nickel-hydrogen
cells and batteries and their performance. Following is a definition for each of these
terms as they are used in this text.

Measured Capacity (Standard Capacity)

The measured capacity (Cmeas) is the ampere hour capacity measured to 1.0
volts at C*/2 rate discharge with the temperature of the cell pressure vessel
maintained at 10°C. See Chapter 7, Section 7.1.0, “Cell Acceptance Tests.”

Prior to measuring capacity, the cell is reconditioned and then recharged at a
C/10 rate for 16 hours at 10°C. The 16-hour recharge is used to ensure that the cell is
fully charged.

One fact to remember is that the measured capacity can and will change as the
cell ages, under different storage conditions, operating conditions, etc.

Rated Capacity

The rated capacity (C) is an arbitrary capacity value that is decided on or fixed
at the discretion of the cell manufacturer. The rated capacity is less than the
measured capacity, again at the discretion of the cell manufacturer. Typically, C <
Cmeas by 5 to 25 percent of the measured capacity. The manufacturer rates the cells
lower so that they will pass acceptance testing.

The rated capacity does not change over the lifetime of the cell.

* C is rated capacity, Cmeas is measured capacity
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Depth of Discharge

The depth of discharge (DOD) is the ampere-hours removed on discharge
expressed as a percentage of the rated capacity. The rated capacity is always used to
calculate DOD and charge rates: C/2 rate, C/10 rate, etc.

The advantages of using rated capacity is that it is fixed for the lifetime of the
cell, so if one specifies a 40 percent DOD, the ampere-hours removed on discharge at
the beginning of life are the same as the ampere-hours removed on discharge at the
end of life.

Specific Energy

The specific energy is measured capacity multiplied by the average discharge
voltage divided by the cell mass:

Crneas X Vavg {Wh
Weight of Cell| kg

Specific Energy =

Use the measured capacity to calculate specific energy. The specific energy is
used to compare one cell design to another and it should not be biased by an
arbitrary rating.

Energy Density

The energy density is the measured capacity multiplied by the average
discharge voltage divided by the cell volume:

. Crmeas ¥ Vavg (W h
E D = Wh
nergy Density Volume of Celll L )

Again, use the measured capacity to calculate energy density. The energy
density is used to compare one cell design to another.

1.5.0 HISTORIC OVERVIEW FOR FIRST-GENERATION Ni-H; CELLS

A historic overview of the major events and milestones in the development
of Ni-H, cell technology from 1970 to 1979 is presented in the table below [1-26],
which identifies the major R&D programs from the initial exploratory efforts to the
flight-qualified status of Ni-H, cells for COMSAT/INTELSAT and HAC/ Air Force,
programs.
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A description of the COMSAT cell design and the Air Force cell design follow
the historic overview. These two different cell designs have come to represent and
identify the first generation of Ni-H> cells.

Table 1-2. Historical Overview Summary

Y
~
O

INTELSAT (COMSAT and Tyco Laboratories) initiated the first
aerospace Ni-H, cell development effort for GEO applications.

N

The Air Force began in-house Ni-H, cell development for LEO
applications.

N

INTELSAT awarded a contract for the design and fabrication of a
lightweight Ni-H, cell to Tyco Laboratories. COMSAT Laboratories
performed this work when Tyco dropped out of the battery business.

—
\O
~
(o>

The Air Force awarded the Nickel-Hydrogen Satellite Energy Storage
Program to Hughes Aircraft Company. Subsequently, subcontracts were
awarded to Eagle-Picher, ERC, and Tyco Laboratories. Boilerplate cells
were constructed for basic system studies.

|

1973 INTELSAT awarded dual contracts to Eagle-Picher and Energy Research
Corp. (ERC) to produce lightweight flight configuration Ni-H, cells.
Eagle-Picher used the COMSAT pressure vessel and electrode stack
designs. ERC used its own designs [1-27].

1974 Under contract to the Western Electric Company, Eagle-Picher
established a production facility for electrochemically impregnated (EI)
nickel electrodes (the Bell Laboratories aqueous process).

1975 INTELSAT awarded a fundamental Ni-H, system study program to
Marcoussis Laboratories in France. Electrolyte management, oxygen
gas recombination, and positive and negative electrode stack
components were investigated.

1975 INTELSAT awarded a mechanical and thermal design study of Ni-H,
batteries to TRW.

1975 The Air Force awarded the Nickel-Hydrogen Failure Mechanism
Program to HAC. A subcontract was subsequently awarded to EIC
Corporation for the development of an improved catalytic negative
electrode. Limitations associated with electrolyte management and
oxygen recombination were studied and design solutions were
developed.
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COMSAT/INTELSAT and the Naval Research Laboratory agreed to use
a Ni-H, battery as the primary energy storage system on the NTS-2
satellite. Eagle-Picher (Joplin) manufactured the Ni-Hj cells for this
program under a licensing agreement with INTELSAT. The positive
electrodes were made by Eagle-Picher using the Bell Laboratories
aqueous electrochemical impregnation process. The INCONEL 718
pressure vessel used for these cells was developed by COMSAT
Laboratories, and the technology was transferred to Eagle-Picher . The
battery was subjected to a full space qualification program. This satellite
was launched in June 1977, and the battery performed its mission
successfully, operating for five years in a polar 12-hour orbit at 40 to 60
percent DOD.

The Air Force awarded the Nickel-Hydrogen Flight Experiment
Program to Eagle-Picher (Joplin). Lockheed Missiles and Space
Company (LMSC) served as the system integration contractor, and a 21-
cell, 50-Ah battery was manufactured. EI positive electrodes were used
(aqueous process). The battery was qualified for launch on a classified
Air Force LEO mission, and the satellite was launched in June 1977.
Approximately 2,000 cycles were accumulated over eight months of
both shallow and deep DOD. The integration battery was life-cycle
tested at LMSC and completed 13,000 real-time LEO cycles at 50 percent
DOD.

The Air Force awarded the Electrochemical Deposition Nickel and
Cadmium Electrode Manufacturing Technology Program to Eagle-
Picher (Colorado Springs) for establishing a production facility to
manufacture EI- electrodes (Air Force alcohol process).

The Air Force awarded the Nickel-Hydrogen Advanced Development
Program to HAC to develop and qualify a design and establish
manufacturing sources for a Ni-H, system suitable for both LEO and
GEO space missions. Subcontracts were awarded to Yardney Technical
Products, Inc., and Eagle-Picher, Joplin, for cell manufacturing. A
separate contract was awarded to Eagle-Picher, Colorado Springs, for
improvement of EI positive electrodes (alcohol process). HAC and
Eagle-Picher, Joplin, were the two manufacturing sources selected. The
Eagle-Picher, Colorado Springs, facility supplied EI positive electrodes
to both sources. Testing of these cells included cell-level space
qualification and real-time LEO cycling that approached 12,000 cycles at
80 percent DOD.

INTELSAT awarded a cell design (electrolyte management study)
program to EIC. Approximately 4,000 cycles at 80 percent DOD were
accumulated, and advanced design information relative to electrolyte
management requirements evolved from this program.
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INTELSAT awarded a high-pressure, high-energy-density Ni-Ha battery
development program to Yardney Technical Products. The operation of
Ni-Hpy cells at higher pressures was evaluated to improve volumetric
and specific energy density. INTELSAT licensed its IPV Ni-Ha cell
technology to Yardney Technical Products.

|

1979 Ford Aerospace (with INTELSAT's approval) agreed to replace the Ni-
Cd batteries with Ni-H, batteries on INTELSAT V satellites. Flight 6,
launched in 1983, was the first commercial communication satellite to
use Ni-H, batteries. A total of eight INTELSAT V satellites were
launched and are now in operation with Ni-H, batteries: flights F6, F7,
F8, F10, F11, F12, F13, and F15. FACC fabricated these 30-Ah batteries
and integrated them into the INTELSAT V spacecraft. The Ni-H, cells
were manufactured by Eagle-Picher using EI positive electrodes
(aqueous batch process at Joplin).

—
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The Air Force gave HAC approval to prepare for replacement of the
Ni-Cd battery with a Ni-H, system on the Air Force Satellite Data
System Program. HAC designed an 18-cell, 25-Ah battery to support the
long-term LEO mission with an early 80s launch date. The Ni-H, cells
(advanced development design) were manufactured by HAC using
Eagle-Picher EI positive electrodes (alcoholic process at Colorado
Springs).

1.6.0 COMSAT/INTELSAT DESIGN

The COMSAT/INTELSAT Ni-H, cell and battery technology was developed
from 1970 to 1975, starting with the basic concept for a sealed Ni-H, cell as described
in the patent [1-1]. This effort culminated in the NTS-2 and INTELSAT V Ni-H;
flight battery programs. This technology was developed for use as the energy
storage system for commercial communications satellites (INTELSAT) in
geosynchronous orbit.

1.6.1 Experimental Cells

The initial development work at COMSAT Laboratories used heavy-walled
experimental cells to evaluate different combinations of commercially available
aerospace nickel-oxide electrodes and separator materials. Results of this work are
reported in Reference 1-28. The back-to-back positive electrode stack design was
used for these experimental cells.
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1.6.2 NTS-2 Cell Design Features

Electrode Stack. The components for one module of the electrode stack are shown
in Figure 1-1. These components were fabricated to the bus bar configuration. The
positive electrodes were made with passivated wet slurry plaque and impregnated
using the aqueous EI process (Bell Laboratories process) to a loading level of 1.67 +
0.1 g/cc void volume. The hydrogen electrodes consisted of the sintered Teflon-
bonded platinum black catalyst supported with a fine mesh nickel screen with the
Gortex Teflon backing (platinum loading of 7 £ 1 mg/cm?2). The separator material
used was reconstituted fuel cell-grade asbestos.

One module consists of two positive electrodes back-to-back, two separators,
two negative electrodes, and two gas diffusion screens. Fifteen of these modules are
stacked on a center rod and held under compression by two endplates (see Figure
1-4). The styrene acrylonitrite endplates were fabricated by an injection molding
process. The center rod and end plates position the electrode stack components
during assembly.

The electrode stack with rigid endplates was attached to the INCONEL 718
weld ring. A single circumferential electron beam girth weld simultaneously joins
the two pressure vessel shells at the weld ring while at the same time anchoring the
cell stack assembly into the pressure vessel.

1.6.3 Pressure Vessel

The INCONEL 718 pressure vessel shells were manufactured to a uniform
thickness using a hydroforming process and then cut to length; the thickness was
0.508 mm. The pressure shells were “age hardened” using a standard heat treatment
process. The barrels for the compression seals were machined from INCONEL 718
material. Nylon plastic was injection-molded into the barrel. After injection
molding, the barrels were electron-beam welded into the domes of the pressure
vessel shells. The INCONEL 718 weld ring was manufactured using an investment
casting process and then machined to final dimensions. The outside diameter of the
weld ring was machined as a “T” section to position the pressure shells on the weld
ring and to provide a back up support for the electron beam girth weld.

When the electrode stack is assembled into the pressure vessel, the terminals
at either end of the stack are pushed up through a slightly oversized hole in the
nylon seal. After electron-beam welding the pressure vessel shells to the weld ring
assembly, the “Ziegler” compression seal [1-29] is made by crimping the barrels. The
girth weld and crimped terminal are shown in a photograph of a cell (see Figure
1-9).

The electrolyte fill tube is part of the negative terminal. A hollow stainless

steel tube was brazed into the center hole of the negative terminal. After the
electrolyte was added and the cell had completed activation, this fill tube was
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pinched off and welded. A cross-sectional view of the NTS-2 cell, Figure 1-10, shows
the positioning of the electrode stack within the cell, the endplates, the positive and
negative bus bars, and the positive and negative terminals with the fill port in the
negative terminal.

The diameter chosen for the pressure vessel was 8.89 cm. This diameter was
selected as an engineering compromise between maximum gravimetric energy
density and number of modules in the electrode stack. Selecting a smaller diameter
of 7.62 cm would have provided a higher gravimetric energy density, as shown in
Figure 1-11), but it would also have required more modules, resulting in increased
complexity in the assembly of the cell. The data presented in Figure 1-11 are based on
the results of a computer optimization study [1-30]. The actual gravimetric energy
densities for the NTS-2 and INTELSAT V cells approached the theoretical energy
density predicted from the computer model, as shown in Figure 1-12.

The maximum operation pressure for the NTS-2 cells was 600 psi, and the
burst pressure was 2,400 psi, providing a 4:1 safety factor.
1.6.4 NTS-2 Cell Design Summary
1. Back-to-back electrode stack design.
2. Bus-bar electrode configuration.
3. INCONEL 718 pressure vessel (0.508 mm thick) with nylon Ziegler
compression seals. Electron-beam girth welding of the pressure shells to an
INCONEL 718 weld ring.

4. Positive electrodes—wet slurry plaque, aqueous EI process (Bell process).

5. Separator material—single layer of fuel-cell-grade reconstituted asbestos
separator, 10 to 12 mils thick.

6. Negative electrodes—platinum black negative electrode with Teflon backing
(Gortex). Wire screen grid.

7. KOH electrolyte concentration—31 percent KOH discharged.
8. Hydrogen precharge (14.7 psia).
9. Thirty positive electrodes (15 modules/ cell) for the 35-Ah rated NTS-2 cell.

10. Cell dimensions: 8.89-cm diameter and 23.7-cm end to end of terminals; 16.6
cm dome to dome; terminals and seals add about 3.5 cm on each end.
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11. The weight of each cell—1.028 kg.

12. Measured capacity at 10°C—43 Ah.

13. Spedific energy (10°C)—52.2 Wh/kg.

1.7.0 INTELSAT V CELL DESIGN

The INTELSAT V cell design was the same as the NTS-2 cell design, except

there were 24 positive electrodes instead of 30. The electrolyte concentration was
also changed to 38 percent KOH discharged. The higher concentration was used to
increase capacity.

1.

2.

8.

9.

Back-to-back electrode stack design.

Bus bar electrode configuration

INCONEL 718 pressure vessel (0.508 mm thick) with nylon Ziegler
compression seals. Electron beam girth welding of the pressure shells to an

INCONEL 718 weld ring.

Positive electrodes—wet slurry plaque, aqueous EI process (Bell Laboratories
process).

Separator material—single layer of fuel-cell-grade reconstituted asbestos, 10 to
12 mils thick.

Negative electrodes—Teflon bonded platinum black with Teflon backing
(Gortex); wire screen grid.

KOH electrolyte concentration—38 percent KOH discharged.
Hydrogen precharge (14.7 psia).

Twenty-four positive electrodes for 30-Ah rated INTELSAT V cell.

10. Cell dimensions: 8.89 cm diameter, 21 em end-to-end of terminals, 13.9 cm

dome-to dome.

11. The weight of each cell—890 g.

12. Measured capacity at 10°C—36 Ah.

13. Specific energy (10°C)—50.6 Wh/kg.
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1.7.1 High-Rate Discharge and Internal Impedance for INTELSAT V Cells

Ni-Hj cells are capable of very high rates of discharge. To demonstrate this, a
30-Ah INTELSAT V cell was discharged at a 200-A rate (12-minute discharge). The
discharge voltage vs time is presented in Figure 1-13. The discharge profile is almost
flat at 0.6 V. The potential drop is due to the internal impedance of the cell (3 mQ).
This impedance accounts for the voltage drop of 0.6 V at the 200 A rate. Most of this
impedance is in the bus bars and nickel terminals of the cell. These nickel terminals
are rather long in the IPV cells, as shown in the cross-sectional view in Figure 1-10.
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Figure 1-13. High-rate (200-A) discharge of 30-Ah cell.

1.7.2 Specific Energy as a Function of Rate of Discharge for INTELSAT V Cells

The aerospace INTELSAT V Ni-H; cells were not optimized for high-rate
discharge. Rather, they are optimized for maximum specific energy at discharge
rates between C/2 and 2C [1-30]. At rates greater that the C rate of discharge, the
specific energy starts to drop off rapidly, as shown in Figure 1-14. This drop off is
because of the 3-mQ terminal impedance of the INTELSAT V cell, as seen for the
200-A rate of discharge above.
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Figure 1-14. Gravimetric energy density vs rate of discharge for INTELSAT V cells.

1.8.0 AIR FORCE NI-H, CELL DESIGN

The Air Force cell development program was initially directed toward the
more stressful LEO operating mode with high rates of charge and discharge
(approximately 1.4C" rate discharge and 1C rate on charge and overcharge).

Problems were identified with oxygen management and water management
for the COMSAT back-to-back positive electrode design under these high stress

operating conditions [1-7], [1-13). The “recirculating design” was conceived to
resolve these problems.

An R&D effort called the “Advanced Development Program” was carried out
to design and develop the electrode stack components and cell technology needed to
put the recirculating design concept into practice. Cell design features are described
in Reference 1-22 and include the pineapple slice shaped electrode stack
components, a recirculating design with a wall wick on the inside of the pressure

* C is the rated capacity of the cell. If the cell is rated at 50 Ah, a C rate discharge is a 50 A
rate.
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vessel shell, and a zirconium-oxide cloth gas permeable separator, knit ZYK-15
Zircar [1-16).

Air Force-sponsored programs conducted over a ten-year period from 1973 to
1983 brought the HAC/ Air Force Ni-H, battery technology to the state of readiness
for operational spacecraft missions [1-3]. This work culminated with the Air Force
baseline 50-Ah Ni-H, cell design (see Figure 1-15).
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Figure 1-15. Air Force/HAC baseline 50-Ah cell (cross-sectional view),

1.8.1 Air Force Baseline Cell Electrode Stack Components

The baseline cell design electrode stack components are made in a pineapple
slice configuration (see Figure 1-2) with the electrode tabs brought out through a
large center hole. The purpose of this design is to reduce the thermal resistance
between the cell stack and the pressure vessel wall compared to the COMSAT design
with the bus bar on the outside of the cell stack.

Zircar Separators. The initial separator selected in the Advanced Development
Program for the baseline cell design was the ZYW-15 Zircar cloth, yttrium-stabilized
zirconium oxide using polysulfone to reinforce the Zircar. The Zircar cloth was
reinforced with polysulfone because of its marginal handling strength [1-23].
However, tests at HAC showed that cells with ZYW-15 polysulfone-reinforced Zircar
separators and wall wicks exhibited popping while cells with untreated knit ZYK-15

1-47



Zircar separators showed virtually no evidence of rapid oxygen recombination
(popping). Based on these results, two layers of the untreated knit ZYK-15 Zircar
material were selected for the Air Force baseline cell design. The second ZYK-15
layer was added as a backup to prevent oxygen channeling in the event of assembly
caused damage to the first layer [1-16].

Negative Platinum Electrodes. The negative electrode with the gas screen is shown
in Figure 1-2. The electrode, as originally developed, used an expanded mesh
substrate. HAC improved the negative electrode by changing to a photo-etched
substrate [1-14], which eliminates cut edges of the expanded mesh wires that caused
shorts during cell stack assembly. The photo-etched substrate also provides a solid
tab for lead attachment.

A negative electrode with Gortex (Teflon) backing was developed by EIC for
HAC [1-7], [1-13]. The use of Gortex simplified the manufacturing process for
fabricating negative electrodes. The EIC electrode with Gortex backing allows
hydrogen and oxygen gas to readily diffuse through the back of the electrode for
recombination during overcharge, but it completely stops electrolyte entrainment in
the hydrogen gas evolved off the back during charge and overcharge.

Positive Electrodes. Positive electrodes were manufactured using the alcoholic
electrochemical impregnation (EI) process, sometimes referred to as the Air Force
process. Electrodes for HAC were manufactured at the Eagle-Picher manufacturing
facility at Colorado Springs. The positive electrodes were made using the dry sinter
plaque with 85 percent porosity. Active material loading was 1.67 g/cm? of void
volume for GEO designs and 1.55 g/cm? of void volume for LEO designs. The active
material contained 7 to 11 percent by weight cobalt hydroxide [1-10]. Nickel screen
was used as the substrate for the nickel sintered plaque.

Electrode Stack. An electrode stack assembly is shown in Figures 1-8a and 1-8b. The
electrode stack components are the cylindrical pineapple slice configuration. These
components are stacked between rigid endplates preloaded to a specific contact
pressure within the cell stack by compressing the assembled stack in a fixture and
tightening the nut on the end of the core. Belleville washers provide a constant
preload on the electrode stack. Figure 1-15 is a cross-sectional view of the Air Force
baseline 50-Ah cell. This figure shows the center core, electrode stack, endplates,
nuts, Belleville washers, terminals, seals, and fill tube.

The electrode stack components are assembled onto the polysulfone central
core attached to the INCONEL 718 skip ribbon panel endplate. This polysulfone core
provides electrode alignment during assembly, position and alignment of the cell
stack within the pressure vessel, structural support, and conduits for the positive
and negative terminals.
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The central core assembly with the rigid endplates is attached to an INCONEL
weld ring. A single circumferential tungsten inert gas (TIG) weld simultaneously
joins the two pressure vessel shells at the weld ring while anchoring the cell
assembly into the pressure vessel (Figure 1-15).

Pressure Vessel. The hydroformed INCONEL 718 cylindrical pressure vessel is 8.89
cm in diameter, with spherical ends. The dome/cylinders are hydroformed to a
thickness of 0.078 cm. This thickness of 0.078 cm is maintained in the closure weld
and terminal seal areas. The remainder of the cylindrical area is reduced to a
thickness of 0.056 cm by chemical milling, and the remainder of the cylindrical
dome area is reduced to a thickness of 0.038 cm by chemical milling. The wall
thickness and cylindrical dome thickness are reduced for weight reduction of the
pressure vessel. The 0.078 cm thickness in the girth weld area is needed to
compensate for the strength reduction of the INCONEL 718 material in the heat-
affected zone of the TIG weld. The pressure shells are heat treated (age hardened)
and chemically milled to their final thickness prior to TIG welding.

The terminal seal bosses are hydroformed as an integral part of the
dome/cylinder, with one terminal at either end of the pressure vessel. The
terminal seals are hydraulic cold flow Teflon seals [1-31]. An electrolyte fill tube is
welded at a 45 degree radial on the dome of the pressure vessel.

The inside walls of the pressure vessel and domes are plasma sprayed with
zirconium oxide to form a wall wick.

The maximum operating pressure is 800 psi, and the burst pressure is 2,400
psi, giving a 3:1 safety factor.

1.8.2 Air Force Baseline 50-Ah Cell Design Summary

1. Recirculating electrode stack design.

2. Pineapple slice electrode configuration.

3. INCONEL 718 pressure vessel with Teflon hydraulic compression seals, TIG
welding, and zirconium-oxide wall wick plasma sprayed on inside of pressure
vessel walls. Chem-milled to final dimensions. :

4. Positive electrodes—dry powder plaque, alcohol EI process (Air Force process).

5. Separator material—double-layer knit ZYK-15 Zircar separators, 12 to 15 mils
thick each.

6. Negative electrodes—platinum black negative electrodes with Teflon backing
(Gortex). Photochemically etched grid.
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7. KOH electrolyte concentration—31 percent KOH discharged.
8. Positive precharge.
9. Forty positive electrodes for the 50-Ah rated baseline cell.

10. Cell dimensions—8.89-cm diameter, 28.4 cm end to end of terminals, and 20.7
cm dome to dome.

11. Cell average weight—1.4806 kg.
12. Measured capacity at 10°C—58 Ah.

13. Specific energy (10°C)—48.97 Wh/kg.

1.8.3 Capacity as a Function of Electrolyte Concentration for Air Force 50-Ah Cells

The effects of electrolyte concentration on capacity were determined
experimentally. Air Force positive electrodes and HAC/Air Force 50-Ah Ni-H, cells
from the INTELSAT VI program were used for this investigation. The Air Force
positive electrodes were impregnated with active material by the alcohol
electrochemical impregnation process. The plaque was manufactured using the dry
powder process.

Flooded Plate Capacity. The Air Force positive electrode plate capacity was
measured at 15, 20, 25, 30, 35, 40, and 40 weight percent concentrations<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>